A fiber optic sensor for the measurement of the respiratory depth has been developed. The sensor is composed of a bent optic fiber which is connected to an elastic section of a chest belt so that its radius of curvature changes during respiration due to respiratory chest circumference changes (RCCC). The measurement of light transmission through the bent fiber provides information on its changes in curvature since a higher fraction of light escapes through the core-cladding surface of a fiber bent to a lower radius of curvature. The sensor can quantitatively measure the RCCC, although in relative terms, and it is sensitive enough to detect changes of the chest circumference due to the heart beat. Measurements of the RCCC were simultaneously performed with photoplethysmography (PPG)-the measurement by light absorption of the cardiac induced blood volume changes in the tissue-and a significant correlation was found between the RCCC and some parameters of the PPG signal. The fiber optic respiratory depth sensor enables a quantitative assessment of the respiratory induced changes in the cardiovascular parameters.
INTRODUCTION
Optical fibers are used extensively in medicine both for diagnosis and for treatment. Diagnostic fiber optic sensors are mainly based upon sending light through a fiber to the measurement site, and measuring the light reflected or scattered from the tissue or from a transducer at the end of the fiber. The reflected light is conveyed to the optical detector through either the same fiber or a different one. The sensors that measure the light reflected from the tissue itself include invasive or noninvasive oximeters, laser Doppler flowmeters, and sensors for fluorescence and temperature measurements. [1] [2] [3] [4] The other sensors use an appropriate transducer attached to the measurement site at the tip of the fiber for measurement of temperature, pressure, pH, or concentrations of other analytes. 1, [5] [6] [7] In some sensors the whole surface of a portion of the fiber serves as the measurement site by using the evanescent light through the unclad fiber for exiting fluorescence in molecules attached to the fiber surface. 8 In the Bragg grating fiber sensor a periodic modulation of the fiber core refractive index was used for measurement of the blood temperature in the magnetic resonance imaging (MRI) environment. 9 In the sensors discussed above the optic fibers are only utilized for transmission of light to the measurement site and back to the photodetector in order to achieve remote sensing.
In another category of fiber optic sensors the fiber itself is used for measurement of the required parameter. Interferometric measurement of the phase change due to tension induced elongation of the optic fiber was used in nonmedical applications as a strain sensor. 10 This method of phase change measurement provides assessment of displacements of the order of magnitude of light less than a wavelength and is not suitable for medical applications. Another fiber optic displacement sensor was introduced by Stenow and Oberg 11 that utilizes the leakage of light from a fiber under multiple periodic longitudinal microbending. At an optimal wavelength of the periodic mechanical perturbation, the coupling between core modes is enhanced, thereby increasing the radiative losses from the fiber. This sensor enabled measurement of the limb circumference change during occlusion plethysmography. A theoretical calculation of the bend loss in a fiber was performed for periodic microbending in a multimode fiber 11 and for a single bend in a single mode fiber (or a few modes fiber) 12 by analyzing the mode coupling at the bends. The loss of a single bend in a large core multimode optical fiber was calculated by analyzing the propagation of the eva-nescent waves of the higher-order modes in the cladding, 13 or by ray tracing. 14 In the current study a fiber optic sensor based on measurement of a single bend loss was used for assessment of respiratory chest circumference changes (RCCC). The measurement of the changes in the light transmitted through the fiber provides a means of assessing the changes in the fiber radius of curvature.
Proper functioning of the chest cavity is vital for adequate breathing, and several methods have been developed for measuring and monitoring the respiration rate and the inspiration depth. 15, 16 The breathing pattern can be monitored either by directly measuring the airflow or air volume displacement during breathing or by measuring body dimensional changes between expiration and inspiration. 15, 16 Direct measurements of airflow for mere detection of inspiration or expiration, such as air temperature sensors, are very simple and easy to use, but their application is limited to the detection of apnea (cessation of breathing) or to measurement of the respiratory rate. Quantitative direct measurement of the tidal volume (the volume of inspired air during the respiratory cycle) requires a nonleaking connection to the patient's airways (a mask over the mouth and nose or an endotrachial canula) and is therefore not appropriate for most clinical uses and physiological studies. 16, 17 Another type of method for evaluation of the breathing pattern is based on measurement of parameters that depend on body dimension changes, such as transthoracic impedance plethysmography or respiratory induction plethysmography, which, respectively, measure the electric resistance of the chest or the self-inductance of insulated coils which are wrapped around the patient's chest (or abdomen). These techniques can provide quantitative information about relative changes in tidal volume and even measure it in absolute terms after suitable calibration. [15] [16] [17] These methods are used for clinical tests of pulmonary function, and are also applied in different physiological studies, [18] [19] [20] such as the investigation of respiratory sinus arrhythmia, i.e., the increase of heart rate during inspiration, which occurs due to activity of the autonomic nervous system.
MATERIALS AND METHODS

RCCC SENSOR
The sensor for the measurement of the respiratory chest circumference changes was composed of a quartz-polymer optical fiber of 400 m core diameter bent into the shape of an ellipse (Figure 1 ). The bent fiber is connected to a chest belt. The principle of operation of the sensor can be qualitatively described by the decrease of the angle of incidence of the light rays in the bent region relative to that of the straight region ( Figure 2 ), resulting in radiation loss of some of the rays which are totally reflected in the straight fiber. A light source and a photode-tector were attached by means of connectors to the two ends of the fiber for measurement of the light transmission through it. As a light source, an infrared light emitting diode (LED) was used, emitting 845 nm wavelength light at an angle of 5°, which was modulated at a frequency of 3 kHz in order to eliminate background noise. The output light intensity was detected by a P-I-N silicon photodiode with a spectral response of 0.56 A/W at 845 m. The photodetector's output was demodulated and amplified, and the amplified signal was digitized and sampled (500 samples per second) by an analog-to-digital (A/D) converter.
The chest belt was divided into two sections: a short elastic part, which can be lengthened during inspiration, and a flexible nonelastic longer part whose length does not change due to the respiration process. The fiber, bent approximately to a circle of about 40 mm in diameter, was connected at two points (C in Figure 1 ) to the edges of the flexible nonelastic section, parallel to the elastic section, so that the radius of curvature in the two C points decreased during inspiration, resulting in greater light loss in the bends. Although the radius of curvature in the D region (the region between the two C points) increased, the light transmission through the total fiber decreased during inspiration.
The linearity of the chest circumference sensor was checked by stretching the elastic part of the belt with a translation stage and measuring the sensor output light intensity as a function of the distance between the two C points (see Figure 1 ). The results are depicted in Figure 3 , showing that the deviation of the sensor output from linearity is smaller than 10% in the range of 2-3 mm, which is the typical increase in chest circumference, during normal inspiration. The maximal difference between the sensor output during increase and decrease of the sensor length is equivalent to 0.25 mm, which is about 10% of the typical RCCC.
PHOTOPLETHYSMOGRAPHY MEASUREMENT
In order to show the change of cardiovascular parameters between inspirium and expirium, the photoplethysmography 21, 22 (PPG) was measured simultaneously with the RCCC measurement. PPG evaluates the increase in tissue blood volume during heart contraction (systole) by measuring the resultant increase in light absorption during systole. The PPG probe included an infrared LED (880 nm) as the light source which emits modulated light into the tissue, and a P-I-N photodetector located 13 mm from it which measured the light scattered from the tissue under the skin. The probe was attached to the right-hand index fingertip of the subject, and the hand was held at heart level. The photodetector output was demodulated, amplified, digitized, and sampled by the same A/D converter used for the breathing depth measurement. Figure  4 shows the PPG probe and the PPG signal, which depicts oscillations in the tissue blood volume due to oscillatory heart activity. The PPG signal was automatically analyzed for each pulse to determine the baseline (BL) of the pulse, its amplitude (AM) and its period (P), which is equal to the heart period. Each of these three parameters oscillates in the respiratory frequency 23, 24 due to the influence of inspiration on the cardiovascular system. Fluctuations of the PPG signal parameters at frequencies lower than that of the respiration were filtered out by smoothing the original curve of the parameter (by means of moving an average of five adjacent points) and subtracting it from the original curve. The high frequency fluctuations in the BL, AM, and P were qualitatively compared to the output of the chest circumference changes sensor. Measurements of the respiratory induced fluctuations of the PPG signal parameters were performed on eight healthy adult male subjects aged 21-56 years. The examinations were performed in the sitting position, after a 10 min rest. Three to four examinations were performed on each subject; each included a 1 min simultaneous measurement of chest circumference and PPG signal fluctuations during normal breathing. Figure 5 shows the chest circumference measurement during normal breathing and during short periods of breathing arrest for one of the subjects. After a normal breathing period, the respiration was arrested for about 7 s [ Figure 5 (a)], and after another period of normal breathing, the subject stopped breathing after a deep breath for about 7 s [ Figure 5(b) ]. Then the subject continued to breathe normally. Note the small oscillations during the respiration arrest periods. Also note that for different expirations the sensor output level is almost constant, while changes in the sensor output at the different inspirations are significant. Figure 6 is an enlarged presentation of the oscillations in chest circumference obtained in another study during the respiration arrest period measured simultaneously with PPG measurements. Since the PPG signal measures the changes in tissue blood volume due to heart activity, the periodic changes in chest circumference which correlate well with the PPG signal are also due to the heart pulse. It can be seen that the systolic rapid increase of the circumference sensor signal leads the systolic rapid increase of the PPG pulse, as can be expected, since the pressure pulse propagates in finite blood velocity and it arrives at the finger with a time delay relative to that of a heart contraction. Figure 7 shows a simultaneous recording of the PPG and chest circumference during normal breathing for one of the subjects. After the examination, the PPG signal was analyzed and the mini-mum and the maximum of each pulse were digitally determined in order to obtain the baseline, the amplitude, and the period for each pulse. The low frequency fluctuations of these PPG parameters were filtered out as described above, and the high frequency oscillations of these three PPG parameters as a function of time were then drawn. The result is shown in Figure 8 (circles) together with the curve of the respiratory chest circumference changes. The P, AM, and BL curves are positively correlated with the RCCC curve. Similar results were obtained in most of the other examinations, but the value of the correlation coefficient changed significantly in different examinations of the same subject. In three examinations the correlation coefficient of the BL with the RCCC was inverse. 
RESULTS
DISCUSSION
In the current study an intensity-modulated fiber optic sensor for the measurement of the respiratory chest circumference changes was constructed and examined. The sensitivity of the sensor is high, as can be deduced from its ability to detect the chest circumference changes due to the heart beat during respiratory arrest ( Figure 5 ). The sensor is almost linear in the circumference changes range of normal breathing and can therefore provide quantitative assessment of breathing depth in relative terms. In order to assess breathing depth in absolute terms, two belts, around the chest and around the abdomen, are required in addition to suitable calibration. Since the sensor is based on a multimode fiber and a LED of 5°radiant angle as a light source, the launching conditions do not significantly affect the sensor sensitivity. The dependence of the bend loss on the temperature 25 is not expected to interfere with the RCCC sensor, since the temperature of the sensor does not change during the examination. Furthermore, the temperature dependence reduces significantly for radii of curvature above 10 mm, 25 while the fiber of the RCCC sensor has a radius of curvature of about 20 mm. The minor influence of the possible changes in temperature on the sensor output can be deduced from the almost constant level of the latter in different expirations (see Figures 5 and 7) .
Preliminary simultaneous examinations of the respiratory chest circumference changes and the high frequency fluctuations in three PPG signal parameters, BL, AM, and P, revealed positive correlation of the RCCC signal with the P and AM for all the examinations and with the BL for most of them.
The heart period decreases (heart rate increases) during inspiration, an effect known as respiratory sinus arrhythmia [18] [19] [20] which originates from the influence of the respiration on the heart rate through direct coupling between the respiratory and the autonomic centers and through a mechanical influence on venous pressures and flows. The significant correlation between the BL or AM and the RCCC is in agreement with other studies in which the respiratory induced variability of the PPG signal was used for the monitoring of the respiratory rate 26 and the respiratory volume. 27 The BL is inversely related to the total fingertip blood volume, and the AM is directly related to the compliance to pressure of the arterial system in the fingertip. 24 The inspiratory decrease of the BL and AM seem to be related to the higher arterial blood pressure during inspiration, 28, 29 since higher arterial blood pressure is correlated with higher arterial blood volume and a higher tone of the arterial walls. The increase in tissue blood volume results in an increase in the total light absorption by the tissue, and the increase in the tone of the blood vessel wall results in a lower systolic increase in the blood volume in the blood vessels. Consequently, both the BL and AM generally decrease during inspiration. Since the vascular system is complex, there also are other mechanisms by means of which the respiration can affect the blood vessels, hence the negative correlation that was found in some examinations between the BL and the RCCC. A more comprehensive study of this issue is being performed in our laboratory.
CONCLUSION
In the current study, a fiber optic device was developed and used for measurement of chest circumference changes during breathing. The device is sensitive, simple, and easy to use and can therefore be used for monitoring respiration rate and depth.
The correlation found between the respiratory chest circumference changes and the high frequency variability of the PPG parameters proves that the sensor enables the evaluation of the respiratory induced oscillations in the heart rate (respiratory sinus arrhythmia) and other cardiovascular parameters. The respiratory changes in the heart rate and other parameters are due to the regulatory mechanism of the autonomic nervous system, and a method for a quantitative evaluation of this effect is important both for physiological cardiovascular studies and for clinical neuropathic examinations. 
